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Cyanobacteria respond to iron deficiency during growth by expressing the isiA gene, which produces a chlorophyll–carotenoid protein
complex known as IsiA or CP43′. Long-term iron deficiency results in the formation of large IsiA aggregates, some of which associate with
photosystem I (PSI) while others are not connected to a photosystem. The fluorescence at room temperature of these unconnected aggregates is
strongly quenched, which points to a photoprotective function. In this study, we report time-resolved fluorescence measurements of IsiA
aggregates at low temperatures. The average fluorescence lifetimes are estimated to be about 600 ps at 5 K and 150 ps at 80 K. Both lifetimes are
much shorter than that of the monomeric complex CP47 at 77 K. We conclude that IsiA aggregates quench fluorescence to a significant extent at
cryogenic temperatures. We show by low-temperature fluorescence spectroscopy that unconnected IsiA is present already after two days of growth
in an iron-deficient medium, when PSI and PSII are still present in significant amounts and that under these conditions the fluorescence quenching
is similar to that after 18 days, when PSI is almost completely absent. We conclude that unconnected IsiA provides photoprotection in all stages of
iron deficiency.
© 2007 Elsevier B.V. All rights reserved.Keywords: Fluorescence; IsiA aggregates; Low temperature; Photosystem I; Quenching1. Introduction
Cyanobacteria are responsible for a significant part of oxy-
gen and biomass production on earth. Cyanobacteria live in
aquatic habitats, where they are subject to a great variability of
environmental conditions. One of the possible fluctuations
concerns the local iron-concentration. In a response to iron
deficiency during growth, cyanobacteria start to express, among
others, the isiA and isiB genes, which produce the IsiA (also
called CP43′) and flavodoxin proteins [1,2]. The latter protein
will replace the iron-containing ferredoxin associated with
photosystem I (PSI), responsible for electron transport [3]. IsiA
is a pigment–protein complex from the family of core antenna⁎ Corresponding author. Tel.: +31 20 5987931; fax: +31 20 5987999.
E-mail address: jp.dekker@few.vu.nl (J.P. Dekker).
0005-2728/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2007.10.001complexes and shows great similarity with the CP43 core an-
tenna complex of photosystem II (PSII) [4]. From pigment
analysis, IsiA was found to bind chlorophyll a, β-carotene,
zeaxanthin and echinenone [5].
It has been shown that IsiA can form large ring structures
around PSI, the number of copies and rings depending on the
duration of iron deficiency [6]. In the early iron-depleted stage,
PSI–IsiA complexes are found to mainly consist of a trimeric
PSI core, surrounded by a ring of 18 copies of IsiA (PSI3IsiA18)
[7–9]. In long-term iron deficiency conditions, IsiA is found to
form rings around PSI monomers as well as ring-structured
aggregates devoid of PSI [5,6,10]. Flexibility of the number of
copies that can be found in IsiA ring structures has also become
evident in work with a psaFJ less mutant in the absence of iron
limitation [11].
It is very likely that the association of IsiA enlarges the PSI
absorption cross-section. The increased antenna size will
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in the absence of iron, because of its high dependence on iron
[2,3]. PSII on the other hand, is less influenced by the absence
of iron and no direct evidence has been obtained for the binding
of IsiA to PSII. Thus, the electron transfer among the two
photosystems is equilibrated by the increase of the PSI light-
harvesting antenna by binding of IsiA. In the PSI3IsiA18 super-
complex, the IsiA antenna was shown to lead to a blue-shifted
excited state distribution and lengthening of the trapping time
by a factor of about two with respect to the PSI core complex
(from about 20 ps to 40 ps) [12,13]. These features were
interpreted to be a result of efficient energy transfer between
IsiA and PSI [12,13]. A fast intrinsic rate constant of energy
transfer from IsiA to PSI of (2 ps)−1 was required to explain the
kinetics in the PSI3IsiA18 supercomplex. According to Förster
calculations, 2 ps is equivalent to an interpigment distance of
13–14 Å between IsiA and PSI. However, this distance was
predicted to be 22–33 Å from a low-resolution model [14]. The
experimental results suggest the presence of undiscovered
linker pigments between IsiA and the PSI core, which would
also explain the discrepancy of the higher number of chloro-
phylls (Chls) (16–17) estimated for each IsiA in PSI3IsiA18
complexes [15] with respect to the known 13 Chl molecules in
the related CP43 protein of PSII [16].
While there is no discussion on the role of IsiA as an ad-
ditional light-harvesting complex for PSI in PSI3IsiA18 super-
complexes [12,13,15,17,18], experiments onwhole cells point to
a more complex situation. Cadoret et al. [19] showed that in iron-
starved cells in the presence of DCMU the rise of fluorescence to
the maximum level takes less time, from which they concluded
that the functional antenna size of PSII was significantly in-
creased. Ivanov et al. [20] measured a decrease of the effective
absorption cross-section of PSI upon iron starvation in cyano-
bacterial cells in vivo and concluded that IsiA does not serve a
light-harvesting function. Sarcina and Mullineaux [21] found
that IsiA can migrate rapidly through the membrane, which is
unexpected if IsiA would just serve a light-harvesting function,
while Singh and Sherman [22] found peculiar dynamics in the
isiA transcript levels that differ from that of simple light-har-
vesting proteins.
These results seem to contradict the results obtained with
isolated PSI3IsiA18 supercomplexes and are more in line with a
second or alternative function of IsiA. It has been proposed that
IsiA acts as a quencher of excitation energy to protect PSII from
photoinhibitory damage [23,24]. The finding that IsiA forms
aggregates without connection to a photosystem with strongly
quenched chlorophyll fluorescence [5] is in line with the idea
that IsiA has a photoprotective role. More evidence in favor of a
photoprotective role was provided by Havaux et al. [25] who
showed that strong light also triggers the expression of IsiA and
that genetic deletion of IsiA, but not of IsiB, results in a
photosensitive phenotype. Energy dissipation into heat leads to
a decrease in fluorescence yield and is known as non-
photochemical quenching (NPQ). For example, NPQ is the
protective mechanism permanently exploited by evergreens
under freezing-conditions [26,27]. More well-known are NPQ
mechanisms that quench excitation energy at high lightintensities only, both in green plants [28] and in cyanobacteria
[29,30].
Ultrafast fluorescence measurements have shown that IsiA
aggregates strongly quench the excitation energy [5]. The results
revealed an average fluorescence lifetime of 130 ps at room
temperature, which is the fastest quenching time known thus far
to occur in native photosynthetic complexes without a photo-
synthetic reaction center. In the first part of this study we report
time-resolved fluorescence measurements of IsiA aggregates at
low temperatures. The results indicate that also at cryogenic
temperatures the chlorophyll fluorescence is quenched to a
significant extent.
In the second part of this study we aimed to find out whether
IsiA serves to harvest light for PSI and/or has a photoprotective
function in early stages of iron depletion. It has been argued [17]
that the IsiA aggregates and IsiA–PSI supercomplexes with
more IsiA than the PSI3IsiA18 structure arise at unrealistically
strong iron depletion and thus cannot be representative of the
natural situation. To this end, we measured temperature depen-
dent emission from cells as a function of time since iron de-
pletion, and we conclude that fluorescence quenching caused by
unconnected IsiA complexes also occurs in early stages of iron
starvation.
2. Materials and methods
2.1. Organism and culture
Wild-type Synechocystis sp. strain PCC 6803 was grown at 30 °C in liquid
culture in BG11 mineral medium at a light intensity of 50 μmol of photons
m− 2s− 1 in ambient air. Iron deficiency was achieved by omitting all iron
sources in the medium. Inoculation for iron-depleted culture was by 20–30
fold dilution of cells that were pregrown in normal medium. In the work
presented here, cells were harvested 0–18 days after inoculation for the study
of the kinetics of spectral changes that result from iron limitation. Isolated PS
IsiA aggregates were isolated from long-term iron-starved cells that were
harvested 40 days after inoculation as described in [5].
2.2. Spectroscopy
2.2.1. Steady-state spectroscopy
Samples were diluted in 20 mM Bis–Tris pH 6.5, 5 mM MgCl2, 0.03%
n-dodecyl-β,D-maltoside (β-DM) and 60% v/v glycerol to an optical density
(OD) at 680 nm of ∼ 0.05 cm− 1. A 4 K Utrex cryostat with a gas-flow
temperature controller was used to vary the temperature between 4 and
240 K. Absorbance measurements at 5 K were assessed on a laboratory-built
spectrometer. Fluorescence emission spectra were recorded using a labo-
ratory-built setup as well, equipped with a 0.5 m imaging spectrograph and a
CCD camera (Chromex Chromcam I). Broadband excitation was provided by
a tungsten halogen lamp (Oriel) and a 420 nm interference filter (bandwidth
∼ 15 nm). The spectral resolution was 0.3 nm. The recorded emission spectra
were corrected for the wavelength sensitivity of the detection system.
2.2.2. Time-resolved spectroscopy
Time-resolved emission was recorded using a Streak-camera setup. Samples
were diluted in 20mMBis–Tris pH 6.5, 20mMNaCl, 0.06%β-DMand 66%v/v
glycerol to an OD at 680 nm of b0.1 cm− 1. The sample was placed in a 1 cm path
length polystyrene cuvette in the 4 K Utrex cryostat. The temperature was gas-
flow controlled. Vertically aligned excitation pulses of 400 nm (∼ 100 fs) were
generated using a titanium:sapphire laser (Coherent, VITESSE) with a regene-
rative amplifier (Coherent, REGA) and a frequency-doubling BBO crystal (built
in the optical parametric amplifier, Coherent, OPA 9400). The repetition rate was
Fig. 1. Time-resolved fluorescence spectra of IsiA aggregates (isolated from
Synechocystis sp. PCC 6803 grown 40 days without iron) recorded at 14,
120, 325, 615 and 1615 ps after 400 nm excitation at 5 K.
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fluorescencewas detected at right angle through an orange sharp cut-off filter and
a polarizer at magic angle by a Chromex 250IS spectrograph, a Hamamatsu 5680
synchroscan streak camera and a cooled Hamamatsu C4880 CCD camera.
Measurements were performed on a 2 ns timebase with a time-resolution of
about 27 ps.Fig. 2. Fluorescence decay traces of isolated IsiA aggregates of the main band at temp
wavelength range is indicated as a bar on the upper axes of Fig. 1. The circles are e3. Results and discussion
3.1. Low temperature time-resolved fluorescence of IsiA
aggregates
Time-resolved fluorescence has been measured of isolated
IsiA aggregates of Synechocystis sp. PCC 6803 after 40 days of
iron depletion at temperatures in the range from 5 to 230 K
upon 400 nm excitation. Time-resolved fluorescence at room
temperature of the same material was reported earlier by
Ihalainen et al. [5]. Fig. 1 shows a number of transient fluo-
rescence spectra at 5 K within 1.6 ns after the excitation pulse.
One can observe a small red-shift of a few nm at longer times,
and more importantly, a large decrease (more than two third) of
the fluorescence during this time. Fig. 2 (circles) shows the
excitation decay traces at five different temperatures between 5
and 230 K and at room temperature. These traces were obtained
by integrating the signal between 677 and 700 nm (indicated by
a line segment in Fig. 1) at each detected time-point. Single
exponential functions appeared to give rather satisfactorily fits
(not shown), especially at higher temperatures, but at lower
temperatures (80 K and lower) considerably better fits were
obtained with two-component fits (Fig. 2, full lines). The
lifetimes and amplitudes of the components are presented in
Table 1.eratures of 5 K (a), 40 K (b), 80 K (c), 140 K (d), 230 K (e), and 290 K (f ). The
xperimental data and the solid lines are two-component exponential fits.
Fig. 3. 5 K absorption spectra of Synechocystis sp. PCC 6803 cells after 0–
18 days of iron depletion. The spectra are normalized to the Chl a absorption in
the Qy-region.
Table 1
Fluorescence decay lifetimes of IsiA aggregates at different temperatures
(5–230 K, obtained as an integrated signal of the main emission band (see
Fig. 1) fitted either with a single exponential function (upper row) or with
double exponential fits (middle row)
T 5 K T 40 K T 80 K T 140 K T 230 K T 290 K
Single-exp.,
t (ps)
440 300 193 150 115 165
Double-exp.
t1 (ps) (A1),
t2 (ps) (A2)
90
(0.38),
730
(0.62)
110
(0.47),
520
(0.53)
95
(0.60),
340
(0.40)
110
(0.80),
365
(0.20)
105
(0.96),
955
(0.04)
95
(0.56),
255
(0.44)
Offset 0.28 0.12 0.06 0.05 0.04 0.04
In the case of double exponential fits the normalized amplitudes are also shown.
The last row indicates the amount of signal at 1.6 ns after excitation. In the last
column, the data of the similar study at room temperature as published in [5] are
fitted with the same method. The estimated error in the lifetimes is 10%.
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100 ps is observed at all measured temperatures. The second
lifetime is about 700 ps at 5 K and shortens to about 250 ps at
230 K. In addition, the proportional amplitude of the about
100 ps component increases at higher temperatures (Table 1).
These two effects lead to a pronounced decrease of the overall
lifetimes at higher temperatures. At all temperatures, however,
the observed lifetimes are much shorter than the typical life-
times of isolated light-harvesting complexes at the correspond-
ing temperatures [31,32]. The last row of Table 1 indicates the
amount of excitation after 1.6 ns. It shows that at very low
temperatures, 5 K and 40 K, a significant proportion of excita-
tion, 0.28 and 0.12, respectively, is still present at this long time
whereas at higher temperatures virtually all excitation is de-
cayed within a few hundred picoseconds. A contribution of a
lifetime of about 6.5 ns can be obtained at 5 K if one uses a tri-
exponential fit (not shown) which is in good agreement with the
fluorescence lifetime of CP47 as was measured in a similar
experiment at 77 K to be 5.8 ns [31]. We note that the quenching
times at 230 K are slightly shorter than estimated earlier for IsiA
aggregates at room temperature [5] (Table 1). The difference is
probably due to some variation in the growth of the Synecho-
cystis sp. PCC 6803 cells and/or the isolation of the IsiA
aggregates.
It is likely that one or more of the carotenoids in IsiA are
directly responsible for the quenching (R. Berera et al., manu-
script in preparation) and that the mechanism is similar to that
observed in artificial dyads consisting of zinc phthalocyanin
covalently linked to carotenoids with 10 or 11 conjugated car-
bon–carbon double bonds [33]. In this mechanism, the quench-
ing proceeds through energy transfer to the optically forbidden
S1 state of a carotenoid, coupled to an intramolecular charge-
transfer state. Because all carotenoids present in IsiA (β-caro-
tene, zeaxanthin and echinenone) have 11 or 12 conjugated
carbon–carbon double bonds, the S1 states of all these caro-
tenoids can in principle be low enough in energy to allow the
quenching. The most obvious candidates are zeaxanthin and
echinenone, because β-carotene is also present in the related
proteins CP43 and CP47 from PSII in which quenching does
not take place. Experiments with mutants with impaired bio-synthesis of zeaxanthin and/or echinenone are in progress to
reveal the role of these carotenoids in the quenching.
The experiments described above indicate that the quenchers
are easily reached in the IsiA aggregates, even at very low
temperatures, though at 5 K a minor part of the excitations do
not reach the quencher. A situation in which there is only a small
amount of quenchers in the system (i.e., less than one per
monomer) is therefore unlikely, just as a situation in which the
quenchers can only be reached via blue-absorbing chlorophyll
states. It seems most likely that the quenching carotenoids are at
very short distance from at least one of the red states in the IsiA
aggregates, but theoretical modeling is required to verify this
conclusion.
3.2. Low temperature absorption and fluorescence of
Synechocystis cells as a function of iron depletion
The strong quenching at all temperatures described above
was measured in IsiA aggregates isolated from cells grown for
more than 18 days in the absence of iron. The question arises if
the fluorescence properties of these aggregates reflect a natural
situation and if IsiA formed in Synechocystis cells in much
earlier stages of iron deficiency has similar quenching proper-
ties. For this reason we recorded a low temperature steady-state
absorption and emission spectra as a function of the time of
growth in the absence of iron for whole cells of Synechocystis sp.
PCC 6803. In Fig. 3 the absorption spectra at 5 K of Synecho-
cystis sp. PCC 6803 cells grown without iron during 0–18 days
are displayed. The spectra have been normalized to the optical
density of the Chls in the Qy-region (665–700 nm). At day 0,
main absorption bands are observed at 672, 683 and 691 nm. The
maxima can safely be assigned to PSI [34], also because the
content of PSI is in wild-type cells about 5–10 times higher than
that of PSII. After 18 days of iron depletion, the cells show
pronounced absorption bands at 670, 674.5 and 680 nm. We
have shown before that IsiA is the predominant Chl binding
complex after prolonged iron starvation [5,6], so we can safely
1397C.D. van der Weij-de Wit et al. / Biochimica et Biophysica Acta 1767 (2007) 1393–1400assign these absorption bands to IsiA. The spectra of cells grown
between 0 and 18 days without iron show that the spectra are
virtually identical after 3 days of growth without iron, and that
the change from mainly PSI absorption to mainly IsiA absorp-
tion occurs between 1 and 3 days of growth without iron.
Fig. 4a shows the 5 K emission spectra upon 420 nm exci-
tation of cells of Synechocystis 6803 grown without iron for 0–
18 days. The spectra have been normalized to the Chl a absorp-
tion in the Qy-region. Fig. 4b zooms in on the spectra in the very
early stage of iron depletion. At day 0, we observe the typical
PSI broad emission band centered at 723 nm, caused by trap-
ping at the red pigments of the PSI antenna [34]. The small
broad band between 680 and 700 nm covers a very small signal
from the PSI core pigments, PSII emission with its maximum at
687.5 nm [35] and emission from the phycobilisomes at 685 nm
[36]. The emission bands at 648 and 666 nm are also assigned to
the phycobilisomes [36]. After one day of iron depletion, there
is a decrease in emission of both the phycobilisomes and PSI.Fig. 4. a) 5 K emission spectra of Synechocystis sp. PCC 6803 cells after 0–
18 days of iron depletion. The spectra are normalized to the Chl a absorption in
the Qy-region. b) 5 K emission spectra of the first days after iron depletion. The
emission spectrum of day 18 is scaled to see the contribution of the vibrational
band of IsiA aggregates at wavelengths around 720 nm.The decrease of PSI emission is significant and the red emission
maximum is observed to blue-shift to 722 nm. It was noted
earlier that the PSI emission maximum is 1–2 nm blue-shifted
in PSI3IsiA18 complexes compared to PSI core complexes [15],
so the blue-shift is consistent with the binding of IsiA to PSI.
After two days of iron depletion, both phycobilisome and PSI
emissions decrease even further. The PSI red emission maxi-
mum is now at 721 nm. On this second day, an emission peak is
observed to arise at 685 nm and assigned to IsiA [15]. The
shoulder around 690 nm of the emission spectrum after 2 days is
assigned to PSII. After 3 days without iron, the emission at
685.5 nm has increased strongly, whereas the PSI red emission
has again significantly decreased. The recorded IsiA fluores-
cence most likely originates from free IsiA, because IsiA bound
to PSI efficiently transfers energy to PSI [12,13,17], and the free
IsiA is likely present as aggregates [5,6]. We conclude that the
formation of free IsiA, most probably in the form of aggregates,
occurs already in the early stage of iron depletion, when PSI is
still present in significant amounts. In Fig. 4b, also the spectrum
after 18 days of growth without iron is plotted, which is scaled
to the emission recorded after 3 days in order to see the con-
tribution of the IsiA vibrational band to the emission around
720 nm. It can thus be observed that after 5 days without iron,
there are only small amounts of PSI left in the cells. Up to day
18, the relative amount of free IsiA in the cells is however still
increasing (Fig. 4a).
In Fig. 5a the fluorescence spectra are shown of the cells after
3 days of iron depletion as a function of temperature. At 5 K,
both IsiA and PSI emissions are observed at respectively 685.5
and 721 nm. Upon raising the temperature, the IsiA fluores-
cence is observed to significantly decrease in the temperature
range from 5 to 40 K. On the other hand, in this temperature
range, the PSI emission hardly decreases. At 40 K the emission
from PSII becomes visible as a shoulder at 693 nm. Upon
raising the temperature from 40 to 240 K, both IsiA and PSI
emissions are seen to decrease similarly. From 5 to 77 K the
IsiA emission in the Synechocystis sp. PCC 6803 cells is ob-
served to become largely quenched. This strong temperature
dependence was noted before by Ihalainen et al. [5] and is
stronger than recorded before for any other native photosyn-
thetic complex. From these emission spectra, the relative fluo-
rescence quantum yield can be determined for IsiA. Fig. 5b
displays the relative fluorescence quantum yield of IsiA, re-
corded between 675 and 700 nm, as a function of temperature
for the first 18 days after iron depletion. Interestingly, the
fluorescence decrease observed between 5 and 25 K is the same
after 2 and 18 days of iron depletion. The steep decrease of
fluorescence yield at increasing temperatures reflects the very
strong quenching in IsiA and the similarity of this decrease
between 5 and 25 K in the cells and in the isolated aggregates
confirms that the fluorescence of this IsiA is strongly quenched
in the cells. The difference in fluorescence yield at temperatures
above 25 K between day 2 and 18 is explained by the relative
contribution of the phycobilisomes to the emission at 685 nm
[36] with respect to IsiA. This contribution is larger after 2 days
with respect to 18 days of iron depletion, when there will be no
more phycobilisomes present [2]. Since phycobilisome emission
Fig. 5. a) Temperature dependence of the emission of Synechocystis sp. PCC
6803 cells grown 3 dayswithout iron. b) The relative fluorescence yield of IsiA as
determined from the peak at 685.5 nm as a function of temperature for 0–18 days
of iron depletion. c) Relative fluorescence quantum yield of PSI at 720 nm
compared to that of IsiA at 685.5 nm in cells of Synechocystis sp. PCC 6803
grown 10 days without iron; the PSI yield has been corrected for the IsiA
fluorescence tail at 720 nm.
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observed larger fluorescence yields in the early stage of iron
depletion with respect to that at later times (>day 7, Fig. 5b).
We conclude that the IsiA fluorescence is already signifi-
cantly quenched after 2 days of iron deficiency. Moreover, since
IsiA fluorescence is observed as of day 2, unconnected IsiA
must be present from day 2 already. This conclusion is based onthe absence of significant IsiA fluorescence for the PSI3IsiA18
isolated complexes [15] which evidences efficient energy trans-
fer from IsiA into PSI. We note that the absorption measure-
ments indicated that IsiA is present already after one day of
growth without iron, but the fluorescence properties indicated
that this IsiA is primarily bound to PSI.
Quenching of the excitation energy is thus shown to occur in
unconnected IsiA aggregates even under physiological condi-
tions when significant amounts of PSI are still present. In
Fig. 5c the relative fluorescence quantum yield is displayed for
IsiA (687 nm) and PSI (720 nm) in cells depleted from iron for
10 days as a function of temperature. It is noted that these
experiments were done on a different batch of iron-depleted
cyanobacteria than the measurement of Figs. 3, 4 and 5a,b.
Apparently, the timescale on which PSI is no longer present
after iron depletion can vary, because it is hard to control
differences in batch culture conditions, which play an important
role in this phenomenon. The emission at 720 nm has been
corrected for the contribution of the IsiA vibrational band
(Fig. 4b). Interestingly, from this curve it is observed that the
fluorescence yield from PSI increases upon increasing the
temperature from 5 to 40 K. This effect is stronger in cells of the
PSI-FJ and -L mutants [11,37] (data not shown). We explain
these data by an increased possibility of energy transfer from
IsiA to PSI upon raising the temperature, avoiding local traps in
IsiA that give rise to 685 nm fluorescence at 5 K [17], which is
due to larger domains in which the excitations travel during
their lifetime. From the temperature dependence of the IsiA
fluorescence the enormous excitation energy quenching of this
complex at higher temperatures is obvious.
4. Conclusions
Time-resolved fluorescencemeasurements on IsiA aggregates
isolated from Synechocystis sp. PCC 6803 as a function of
temperature revealed the fluorescence lifetime at 5–230K of IsiA
aggregates to be much smaller than observed for monomeric
CP47 at 77K. It is concluded that IsiA aggregates also function as
excitation energy quenchers at cryogenic temperatures.
Iron-deficient Synechocystis sp. PCC 6803 cells were studied
as a function of time by a low temperature steady-state fluore-
scence spectroscopy. Unconnected IsiA aggregates were shown
to be present already in the early stages of iron depletion
(2 days) and show a very similar temperature dependence of the
IsiA aggregates purified after much longer times of growth in
the absence of iron. For a comparison, the temperature depen-
dence of the fluorescence emission yields of LHCII aggregates
[38,39] shows a comparable trend to that recorded for IsiA,
though the extent of the decrease from 5 K to 77 K is much
stronger in IsiA and LHCII aggregates show a much stronger
red-shift of the emission at low temperatures [38,40]. In
contrast, non-aggregated light-harvesting complexes like tri-
meric LHCII [38] and the CP43 protein of PSII [41] reveal only
a moderate temperature dependence of the fluorescence
emission between 4 K and 77 K. The most likely explanation
of these results is that in LHCII and IsiA aggregates a quencher
is present that is easily reached at physiological temperatures
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impossibility of uphill energy transfer and therefore restricted
energy transfer.
We conclude that IsiA serves a dual role in cyanobacteria
under iron-deficient conditions: IsiA associates with PSI to
enlarge the absorption cross-section of PSI (this study Fig. 5c,
[12,13]) and at the same time unconnected IsiA aggregates
provide photoprotection for the whole organism (this paper,
[5,42]), probably both with the purpose to control the redox
state of the plastoquinone pool. The unconnected IsiA com-
plexes will serve a photoprotective role, as was shown by the
occurrence of a very strong quenching of the 687 nm fluore-
scence when significant amounts of PSI and PSII are still
present. Wilson et al. [42] suggested that energy transfer from
phycobilisomes to IsiA does occur and suggested that the pre-
sence of a quencher in IsiA diminishes energy transfer from
phycobilisomes to PSII, thus preventing overexcitation of PSII
and photooxidative damage to the organism. However, Rakhim-
berdieva et al. [43] considered this as a less likely possibility. In
addition, because IsiA and PSII complexes are located in the
same membrane, there is a realistic probability that energy
transfer from IsiA to PSII will take place, even if these com-
plexes are not associated into supercomplexes. For instance, in
unstacked thylakoid membranes from green plants (in which
there is no physical separation of PSII, LHCII and PSI), a phase
of 150 ps was attributed to spillover of excitation energy from
not directly associated LHCII and PSII complexes to PSI [44].
So, a short lifetime of the excitation energy in IsiAwill diminish
the probability of energy transfer to PSII, again preventing
overexcitation of PSII and photooxidative damage to the orga-
nism. More research is needed to reveal the mechanism by
which these two processes are tuned.
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